INTRODUCTION
Chikungunya virus (CHIKV) is a mosquito-transmitted alphavirus that causes severe acute and chronic polyarthritis. CHIKV was first isolated in Tanzania in 1947 (1), but the virus has emerged rapidly over the last decade, causing outbreaks in the islands of the Indian Ocean, in Southern Europe, and in Southeast Asia (2) . In 2013, CHIKV spread to the Western Hemisphere and, by the end of 2015, had infected more than 1.8 million people in North America, Central America, and South America. The acute symptoms of CHIKV infection include fever and rash, which typically resolve within a few days, and joint and muscle pain (3) . CHIKV and other arthritogenic alphaviruses directly invade the synovium to cause inflammatory arthritis (4) , which is characterized by articular swelling and prolonged morning stiffness (3) . CHIKVinduced arthritis in humans can persist, with as many as 60% of individuals progressing to chronic disease that lasts from months to years (3, (5) (6) (7) . Epidemiological projections suggest that there are currently about 400,000 individuals in the Western Hemisphere with chronic CHIKV arthritis (8) .
Chronic CHIKV arthritis clinically is similar to seronegative rheumatoid arthritis (RA) (3, (9) (10) (11) , an autoimmune disease characterized by symmetrical joint pain, swelling, and morning stiffness. Treatment with newer disease-modifying antirheumatic drugs (DMARDs) has been effective in preventing the bone erosions and deformities seen in patients with untreated RA. Whether chronic CHIKV arthritis causes erosive disease remains controversial, although there are reports of bone erosions in patients infected with CHIKV (9) . Effective treatment of RA relies on early diagnosis, because erosions can occur within months of onset of the disease (12) . Because CHIKV and RA exhibit significant clinical overlap, there is potential for confusing the diagnoses and inadvertently treating CHIKV arthritis with DMARD therapy (3) .
Over the last 20 years, studies in patients with RA have demonstrated that oral and biological DMARDs prevent joint pain, swelling, and damage. Oral DMARDs include hydroxychloroquine, methotrexate, and sulfasalazine, whereas biological DMARDs include the anticytokine antibodies and Ig chimeras [for example, anti-tumor necrosis factor-a (TNF-a) and anti-interleukin-6 (IL-6) receptor]. Other biological DMARDs block T cell costimulation (CTLA4-Ig) or deplete B cells (anti-CD20). Among the newest drugs used to treat RA is tofacitinib, an oral DMARD that inhibits JAK (Janus kinase)/STAT (signal transducers and activators of transcription) signaling and broadly blunts cytokine responses (13, 14) . However, many DMARDs, by virtue of their immunosuppressive properties, may predispose to serious microbial infections. Thus, there is a need to determine whether DMARDs are effective, benign, or deleterious in the treatment of CHIKV arthritis. The current standard of care for CHIKV arthritis is treatment with nonsteroidal anti-inflammatory drugs (NSAIDs) (15) , although these often do not ameliorate symptoms (3) . One trial compared chloroquine (a DMARD) to meloxicam (an NSAID) and found no difference in efficacy (15) , although a placebo group was not included in the trial design. Another open-label study examined a combination of hydroxychloroquine and methotrexate in the treatment of CHIKV arthritis and found that some patients partially responded to therapy, although~50% of patients did not achieve significant improvement in disease score (16) .
Subcutaneous inoculation of young wild-type (WT) immunocompetent C57BL/6 mice with pathogenic strains of CHIKV results in acute foot swelling, myositis, and arthritis (4, 17) . In this model, swelling resolves within the first 2 weeks of infection (17, 18) , although mild chronic disease can be observed histologically for weeks to months (4) . This finding contrasts with the disease in humans, which are natural hosts and frequently have a protracted clinical disease course. Human patients with CHIKV arthritis have increased numbers of circulating, activated cytolytic CD8 + T cells, as do patients with untreated RA (3).
Gene expression signatures observed in mouse models of CHIKV arthritis and RA suggested overlapping contributions of T cell-associated pathways in these diseases (19) . Mice lacking or depleted of CD4 + T cells have reduced foot swelling and arthritis during acute CHIKV infection, suggesting that CD4 + T cells contribute to the pathology of arthritis (20) . Inflammatory monocytes also are thought to play an initiating role in CHIKV arthritis in mice, because inhibiting production of monocyte chemoattractant protein-1 (MCP-1) with bindarit (21) improved the disease. Finally, treatment of mice with anti-CHIKV monoclonal antibodies (mAbs) 1 day before infection prevents arthritis (22) (23) (24) , but whether therapy after infection is effective has not been studied. Moreover, no previous study has tested the efficacy of clinically available DMARDs against CHIKV arthritis in mice.
Here, we examined the efficacy of several U.S. Food and Drug Administration (FDA)-approved RA therapies in a mouse model of CHIKV infection. We identified two DMARDs (CTLA4-Ig and tofacitinib) with efficacy during acute CHIKV arthritis. In particular, CTLA4-Ig, when paired with the neutralizing anti-CHIKV human mAb 4N12, Medications and doses were methylprednisolone (0.5 mg/kg) via intraperitoneal route daily from days 3 through 7, naproxen (10 mg/kg, intraperitoneally) daily from day 3 through 7, methotrexate (0.3 mg/kg, intraperitoneally) once weekly (day 3 and day 10) 2× doses, etanercept (300 mg, intraperitoneally) 1× dose on day 3, CTLA4-Ig (300 mg, intraperitoneally) 1× dose on day 3, and tofacitinib (50 mg/kg) oral gavage daily from day 3 through day 7. For subsequent studies of CTLA4-Ig, an isotype control antibody was used. (B) Experimental design included treatment on day 3 after infection and harvests on days 7 and 28 after infection for the indicated analyses including viral burden, histology, cytokine analysis, and flow cytometry of infiltrating leukocytes. Throughout the time course, foot swelling was measured using digital calipers. analysis of viral RNA levels in the left and right ankles at days 7 and 28 after infection for all treatment groups. Results in (C) to (J) are from at least two independent experiments with n = 28 per treatment group for measurement data from days 0 to 7 and n = 7 or 8 for viral burden analysis on days 7 and 28. Data represent the means (C to F) or median (G to J) ± SEM. *P < 0.05, **P < 0.005, ****P < 0.0001 [two-way analysis of variance (ANOVA) for analysis of swelling curves, Mann-Whitney for day 7 tofacitinib analysis, and Kruskal-Wallis with Dunn's post hoc analysis for day 7 injected medication and viral burden analysis].
was highly effective at reducing joint inflammation, periarticular swelling, migration of inflammatory leukocytes, and infection even when administered several days after virus inoculation. Thus, combination of anti-inflammatory and antibody-based antiviral therapy may serve as a model for treating humans with arthritis caused by CHIKV or other related viruses.
RESULTS
On the basis of previous data showing that immune cells and proinflammatory cytokines contribute to CHIKV arthritis in mice (20) and our study showing that CHIKV arthritis clinically can mimic seronegative RA (3), we hypothesized that some of the existing FDAapproved therapies for RA might ameliorate acute CHIKV arthritis.
To test this idea, we performed a multiarm prospective study (Fig. 1A ) by inoculating 224 4-week-old WT mice subcutaneously in the left rear foot with 10 3 focus-forming units (FFU) of a pathogenic clinical isolate of CHIKV (La Reunion, 2006). Mice were divided into groups of 28 animals that received one of the following treatments beginning on day 3 after infection: methylprednisolone, naproxen, methotrexate, etanercept (soluble human TNF-a receptor), CTLA4-Ig (abatacept), oral gavage vehicle control, or tofacitinib (JAK inhibitor). All of the biological agents that we used have been shown previously to have activity in mice (13, 25, 26) . We chose day 3 after infection to initiate treatment, because this represents the time point of the first peak of clinically apparent foot swelling in the WT C57BL/6 mouse model of CHIKV infection (Fig. 1B ). Animals were followed for clinical joint swelling in the ipsilateral foot and viral yield at different times after infection and treatment.
Treatment with CTLA4-Ig or tofacitinib at day 3 ameliorated foot swelling on day 7 after infection at the point of peak clinical disease [ Fig. 1 , C to F; 9.0 mm 2 (injection control) versus 7.8 mm 2 (CTLA4-Ig), P < 0.005 and 9.3 mm 2 (oral control) versus 8.5 mm 2 (tofacitinib), P < 0.005]. Other treatments had no significant effect at the dose tested in our experiments. To assess the systemic and local impact on viral burden of DMARD treatment, we evaluated CHIKV RNA levels on day 7 in serum and joint tissues. Remarkably, none of the therapies affected viral RNA levels in the right ankle or left ankle at day 7 or day 28 after infection compared to controls (Fig. 1 , G to J; P > 0.1). Thus, CTLA4-Ig and tofacitinib ameliorate joint and periarticular inflammation in mice during the acute phase without substantively altering the viral burden in inflamed tissues. The beneficial effect of CTLA4-Ig, which blocks T cell activation (25) , is consistent with data suggesting that CD4 + T cells contribute to immunopathology associated with CHIKV arthritis (20) .
We next tested whether combination immunomodulatory and antiviral therapy might have greater beneficial effects. Potently neutralizing human anti-CHIKV mAbs previously were shown to protect against CHIKV-induced lethality in immunocompromised Ifnar1 −/− mice, even when administered at late time points after infection (27) . We administered either a single 600-mg dose of a control immunoglobulin G (IgG), 300 mg of CTLA4-Ig, 300 mg of anti-CHIKV mAb (4N12, a neutralizing anti-CHIKV human mAb), or 300 mg each of CTLA4-Ig + anti-CHIKV mAb ( Fig. 2A) 3 days after CHIKV infection. Whereas either anti-CHIKV mAb or CTLA4-Ig partially reduced foot swelling at day 7, the combination completely abolished it (10.8 mm 2 versus 6.6 mm 2 , P < 0.0001) relative to untreated or control IgGtreated animals (Fig. 2, A and B) . Thus, anti-CHIKV mAb therapy initiated after disease onset can partially treat the acute clinical arthritis associated with CHIKV infection, and combination therapy with anti-CHIKV mAb and the immunomodulator CTLA4-Ig completely resolves clinical disease in mice within a few days of treatment.
To confirm the activity of the anti-CHIKV mAb in this model, we assessed its effects on viral burden. Treatment with anti-CHIKV mAb (alone or in combination with CTLA4-Ig) at day 3 eliminated infectious virus in the joints of infected mice within 2 days, as we observed ã 10,000-fold reduction in the ipsilateral ankle ( Fig. 3A ; P < 0.0005) and a~100-fold reduction in the contralateral ankle ( Fig. 3A ; P < 0.05). Viral burden in mice treated with only CTLA4-Ig was not reduced in either the ipsilateral or contralateral ankle (Fig. 3A) . Although infectious CHIKV cannot be detected after day 7 in this mouse model [or during the chronic phase in humans (3, 4)], CHIKV RNA persists in joint tissues for months (28) . Because persistent viral RNA is a pathogenassociated molecular pattern and may contribute to CHIKV arthritis (3, 28), we tested whether anti-CHIKV mAb treatment would reduce viral RNA levels. Although we did not observe a reduction in viral RNA levels in the ipsilateral foot joints (P > 0.1), other extremity joints exhibited a~10-fold reduction in viral RNA on day 7 after infection, including the contralateral ankle and ipsilateral wrist ( Fig. 3B ; right ankle, P < 0.005; left wrist, P < 0.05). On day 28, there was a trend toward reduced RNA in distal joint tissues of animals treated with anti-CHIKV mAb, although this did not attain statistical significance ( Fig. 3C ; P = 0.2). Collectively, these results show that treatment with an anti-CHIKV mAb (alone or in combination with CTLA4-Ig) rapidly eliminates infectious virus within 2 days and reduces but fails to clear viral RNA in affected tissues. To begin to define the basis for reduced joint swelling associated with treatment, we analyzed the effects on local cytokine and chemokine production. Using a multiplexed assay, we measured cytokine and chemokine levels in the ipsilateral foot on day 7 after infection in animals that received either control mAb, CTLA4-Ig, anti-CHIKV mAb, or combination therapy with CTLA4-Ig and anti-CHIKV mAb. Monotherapy with CTLA4-Ig reduced levels of CXCL10 and macrophage inflammatory protein-1b (MIP-1b) (Fig. 4 , A and B; P < 0.05), whereas treatment with anti-CHIKV mAb reduced levels of MCP-1 ( Fig. 4C ; P < 0.05). In comparison, combination therapy had more profound anti-inflammatory effects and resulted in decreased levels of many of the measured chemokines (for example, KC, CXCL10, MCP-1, MIP-1b, and RANTES; Fig. 4 , A to I; P < 0.05) in the joint tissue.
Histological analysis of joint tissues in the ipsilateral foot revealed reduced leukocyte infiltration into the midfoot joints of mice receiving CTLA4-Ig and combination therapy with CTLA4-Ig and anti-CHIKV mAb ( anti-CHIKV mAb resulted in decreased inflammatory cell infiltration into the synovial space (52 cells per HPF in the control group, 22 cells per HPF in CTLA4-Ig group, and 9 cells per HPF in the CTLA4-Ig + anti-CHIKV mAb group, P < 0.05 and P < 0.0001, respectively). Histological analysis did not reveal evidence of bone erosion, proteoglycan loss, or effects on expression of receptor activator of nuclear factor kB ligand (RANKL) and osteoprotegerin (OPG) ( fig. S1 ). Consistent with a role for CTLA4-Ig in modulating immune cell recruitment, administration of CTLA4-Ig 1 day before infection resulted in reduced swelling on day 7 but not on day 3 ( fig.  S2 ), a time point at which subcutaneous edema but not immune cell infiltration is observed. To quantitate differences in immune cell infiltration into the entire foot at day 7 after infection, we analyzed by flow cytometry how CTLA4-Ig and anti-CHIKV mAb treatments affected the total numbers of immune cells in the soft tissues of the ipsilateral foot, which included the skin, muscle, and joints. After treatment with CTLA4-Ig or a combination of CTLA4-Ig and anti-CHIKV mAb, we observed about a three-to fourfold reduction in the number of total CD45 + leukocytes (Fig. 6 , A and B; P < 0.0005) with markedly reduced numbers of Ly6C + CD11b + inflammatory monocytes, natural killer cells, and CD8 + T cells, and a nearly complete absence of CD4 + T cells (Fig. 6, B to G) . By contrast, treatment with the anti-CHIKV mAb alone did not reduce the number of infiltrating CD45 + cells or individual leukocyte subsets into the infected foot (Fig. 6, A to G) .
CTLA4-Ig blocks T cell costimulation, but it can also have immunomodulatory effects on antigen-presenting cells (APCs) (25, 29) . Human CTLA4-Ig, which was used in our studies, binds murine B7.1 and B7.2 antigens and can modulate APC function (30, 31) . We assessed APC activation on day 7 after infection but saw no difference in CD80, CD86, and class II major histocompatibility complex marker expression in APCs isolated from the spleen and feet of control and CTLA4-Ig-treated mice ( fig. S3 ). To test whether CTLA4-Ig exerted its therapeutic benefits via T cells, we compared the response to CTLA4-Ig and a control mAb in CHIKV-infected WT and TCRbd −/− mice, the latter of which lack both ab and gd T cells. As we observed a beneficial effect of CTLA4-Ig in WT animals (Fig. 7 , A and C; P < 0.005) but not in TCRbd −/− mice (Fig. 7 , B and C; P > 0.9), CTLA4-Ig reduces swelling during acute CHIKV infection in part via its action on T cells.
DISCUSSION
The worldwide emergence of CHIKV has created a need to identify treatments, as epidemiological estimates suggest there are millions suffering from acute arthritis and at least~400,000 people in the Western Hemisphere suffering from chronic CHIKV arthritis (5, 8) . We reasoned that established therapies used to treat other forms of inflammatory arthritis (for example, rheumatoid or psoriatic arthritis) also might mitigate CHIKV arthritis. Our experiments identified CTLA4-Ig and tofacitinib as candidate DMARD therapies based on efficacy against acute CHIKV arthritis in mice.
Immunopathology likely contributes to the pathogenesis of CHIKV arthritis. Previous studies using Rag2 −/− animals suggested that the response depends on B and T cells, because Rag2 −/− animals had no ipsilateral foot swelling (20) . Leukocyte subsets infiltrating the peripheral joints of CHIKV-infected mice primarily consist of T cells, inflammatory monocytes, and macrophages (4). When we blocked T cell costimulation with CTLA4-Ig, we observed reduced infiltration of T cells and inflammatory monocytes into the joints of infected animals, although this was not sufficient to eliminate the clinical disease completely. Treatment of TCRbd −/− mice with CTLA4-Ig had no effect on joint swelling, suggesting that CTLA4-Ig ameliorates clinical disease primarily via its action on T cells. These findings are consistent with previous studies suggesting that joint swelling in the foot of CD4 −/− animals is reduced in severity but not completely controlled (20) . Our findings suggest that other inhibitors of CD4 + T cell function also might limit musculoskeletal disease associated with CHIKV infection. Teo et al. (32) recently demonstrated that treatment with fingolimod, an agonist of the sphingosine 1-phosphate receptor, limited infiltration of CD4 + T cells into CHIKV-infected joints and adjacent muscle in mice, resulting in reduced joint swelling and muscle necrosis.
Previous studies showed that mouse and human antiviral antibodies could prevent CHIKV arthritis in mice when administered before infection (28) or protect against lethality in highly immunocompromised Ifnar1 −/− mice (22, 27) . We found that treatment of WT mice 3 days after CHIKV infection with an antiviral human mAb reduced but did not eliminate joint swelling, although infectious virus could not be detected in the joints within 2 days of therapy. Foot swelling likely depends on multiple factors including synovitis, myositis, and edema resulting from production of proinflammatory cytokines (4). The anti-CHIKV mAb eliminated infectious virus within 2 days of its administration and reduced foot swelling without altering leukocyte infiltration into joints of infected animals, suggesting that leukocyte recruitment is not the only factor that affects disease severity in this model. Local cytokine production in specific compartments (for example, serum, muscles, or joints) independently may affect the virus-induced swelling or edema. Future histological studies may define better the precise mechanism by which neutralization of infectious CHIKV by antiviral antibodies ameliorates foot swelling.
The type I interferon (IFN) response is important in controlling CHIKV infection. Ifnar1 −/− mice lacking type I IFN signaling are highly vulnerable to disseminated infection with CHIKV and succumb within days due to high levels of virus in the brain and spinal cord (33) . Remarkably, treatment with tofacitinib, which blocks JAK/STAT signaling that is downstream of Ifnar1 and other cytokine receptors, reduced clinical disease without ostensible effects on morbidity or mortality. This result may be related to the pharmacodynamics of tofacitinib including its short half-life (13) . Tofacitinib therapy may blunt cytokine production and/or leukocyte infiltration without enhancement of CHIKV replication. Nevertheless, because tofacitinib is known to enhance the risk of some viral infections, including varicella zoster virus (34) , future combination therapy studies with tofacitinib and an antiviral mAb may be warranted.
Anecdotal reports in humans have suggested that methotrexate may be effective for treatment of CHIKV arthritis (16, 35) . In our studies, a low dose of methotrexate did not provide benefit against acute arthritis. It remains possible that methotrexate would show greater benefit if higher doses were used. Mouse models of Ross River virus arthritis previously revealed exacerbation of disease after treatment with etanercept (36) , whereas an uncontrolled study in humans suggested that blockade of TNF-a provided some benefit in 13 patients who were diagnosed with a "chronic rheumatologic disease" after acute CHIKV infection (35) . However, it is important to note that some patients infected with CHIKV may develop rheumatologic disease sporadically or coincidentally after CHIKV infection. In a controlled study of mice infected with CHIKV, we did not find a benefit of etanercept therapy with acute CHIKV arthritis, but we were unable to assess chronic disease because of the histopathological absence of frank arthritis during the chronic phase. In light of our animal model results and the anecdotal nature of previous human studies, it seems that rigorous, blinded, placebocontrolled studies in human patients are necessary to define which DMARD therapies may be safe and optimal in patients with chronic CHIKV arthritis. CHIKV and related arthritogenic alphaviruses directly invade the joints and leave persistent viral RNA in the joints and surrounding tissues even in the absence of detectable infectious virus (28) . In previous studies, we found that most CHIKV-infected control C57BL/6 mice did not exhibit histopathological evidence of chronic arthritis 1 month after infection, although there was mild chronic tenosynovitis and myositis in some animals (4). Because we could readily detect viral RNA in the joints at day 28, our studies suggest that persistent viral RNA may not be sufficient to cause clinically apparent chronic arthritis in mice and that other factors must contribute to pathogenesis. Thus, it remains to be determined whether our combination treatment with an antiviral antibody and CTLA4-Ig has beneficial effects in chronic CHIKV arthritis. Other animal models with more severe chronic disease (for example, nonhuman primates) may be required to address these questions.
The beneficial effects of CTLA4-Ig and antiviral antibody therapy on CHIKV arthritis must be interpreted with caution because there are limitations with the mouse model. Unlike humans, mice are not natural hosts for CHIKV and therefore do not develop the severe, debilitating arthritis that is commonly observed in humans. Because CHIKV causes less severe disease in mice, it remains possible that immunomodulatory therapies, including CTLA4-Ig, may have no or even deleterious effects in humans.
The concept of combination antiviral and immunomodulatory therapy is a unique approach for the treatment of infectious diseases. The near-complete effectiveness of combination therapy in our mouse model of acute CHIKV arthritis has implications for treatment of other viral infections in which both virus-and immune-mediated pathology result in morbidity and mortality (for example, influenza and severe acute respiratory syndrome coronavirus). Given the large number of clinically available biological and small molecular DMARDs, this work may provide greater impetus for studies that test combination antiviral and immunomodulatory therapies for the treatment of infectious diseases.
MATERIALS AND METHODS

Study design
We initiated this study to determine whether anti-inflammatory and antiviral therapy control acute CHIKV arthritis in mice. Our initial observation was that treatment with antiviral antibody reduced infectious viral burden in the ipsilateral joint and that therapy with CTLA4-Ig diminished recruitment of T cells and inflammatory monocytes as well as the accumulation of proinflammatory cytokines. Subsequent histological analysis confirmed these findings. We measured viral titers and RNA in tissues, immunologic parameters (including influx of specific cell subtypes into the joints and surrounding tissues), and cytokine levels. Sample sizes and end points were selected on the basis of our extensive experience with these systems. Mice were age-and sex-matched between groups. Histological analysis was performed in a blinded fashion. Initial footpad measurements were performed by three individuals in an unblinded fashion. However, the measurements after CTLA4-Ig treatment were reproduced by a fourth individual who performed a blinded assessment. Investigators were not blinded when conducting virus tissue burden analysis, cytokine measurements, or flow cytometry analysis. All primary data are in the Supplementary Materials (table S1).
Mouse experiments
All animal experiments were performed in accordance and with approval of Washington University Institutional Animal Care and Use Committee guidelines, and all mouse infection studies were performed in an animal biosafety level 3 laboratory. All experiments were performed with 4-week-old C57BL/6 mice or with TCRbd −/− mice that were obtained commercially (The Jackson Laboratories).
Virus infection studies
A recombinant LR2006 OPY1 strain of CHIKV was provided by S. Higgs (Kansas State University) and generated from in vitro transcribed cDNA, as previously described (37) . At 4 weeks of age, mice were inoculated in the left rear footpad with 10 3 FFU of the LR2006 OPY1 strain of CHIKV in a volume of 10 ml. Infected mice were monitored daily for foot swelling with digital calipers for 28 days. At the termination of experiments, mice were sedated with a ketaminexylazene cocktail and euthanized, and perfused via intracardiac injection with PBS. Tissues (injected left ankle, contralateral ankle, and ipsilateral wrist) were harvested and snap-frozen on dry ice and stored at −80°C until processing for RNA isolation. For serum analysis, blood was collected at the time of sacrifice and centrifuged for 10 min at 10,000g and stored at −80°C. In some experiments, serum and joint tissues were isolated from mice on day 5 after infection for subsequent analysis by focus-forming assay.
Tissue viral burden analysis Focus-forming assays were performed as previously described (22) . Briefly, tissue homogenates or serum were incubated for 90 min on a monolayer of Vero cells in 96-well plates, and then cells were overlaid with 1% (w/v) methylcellulose in modified Eagle media supplemented with 4% fetal bovine serum (FBS). Plates were harvested 18 to 24 hours later and fixed with 1% paraformaldehyde (PFA) in PBS. The plates were incubated sequentially with chimeric CHK-9 (500 ng/ml) (22) and horseradish peroxidase-conjugated goat anti-human IgG in PBS supplemented with 0.1% saponin and 0.1% bovine serum albumin. CHIKV-infected foci were visualized using TrueBlue peroxidase substrate (KPL) and quantitated on an ImmunoSpot 5.0.37 macroanalyzer (Cellular Technologies Ltd).
Real-time qRT-PCR analysis RNA was extracted from tissue using the RNeasy Mini Kit (Qiagen). The quantity of CHIKV RNA was determined by qRT-PCR using the TaqMan RNA-to-CT 1-Step Kit (Applied Biosystems) with an E1-specific primer/probe set (38) . Two microliters of the isolated RNA was analyzed by qRT-PCR and compared to a standard curve generated from RNA isolated from a CHIKV stock to determine FFU equivalents.
Therapeutic agents 4N12 is a human IgG1 mAb that neutralizes CHIKV infection and has been described previously (27) . Antibody was purified from hybridoma supernatants by protein G affinity chromatography. Methotrexate, CTLA4-Ig (abatacept), and etanercept were obtained from the Center for Advanced Medicine Rheumatology Clinic (St. Louis, MO). Naproxen sodium and methylprednisolone acetate were purchased from Sigma. The isotype control antibody [humanized anti-West Nile virus antibody (E16)] was produced in Chinese hamster ovary cells and purified by protein G affinity chromatography (39) .
Histopathological analysis
Infected mice were sacrificed and perfused by intracardiac injection of 4% PFA at the indicated days after infection. The infected ankle/foot tissue was dissected and fixed in 4% PFA/PBS for 48 hours, followed by decalcification in 14% acid-free EDTA for 10 to 14 days. Decalcified tissues were embedded in paraffin, and 5-mm sections were stained with hematoxylin and eosin (H&E) and evaluated by light microscopy. Embedding, sectioning, and staining were performed by the Musculoskeletal Histology and Morphometry Core at Washington University School of Medicine. All samples were visualized using a Nikon Eclipse microscope equipped with a QICAM 12-bit camera (QImaging) and processed with QCapture software using the same exposure times.
Cytokine/chemokine analysis Ankles were harvested from euthanized infected mice at day 7 and collected in 500-ml PBS and homogenized using a MagNA Lyser (Roche). Cytokine levels were measured using Luminex technology with a Bio-Plex Pro mouse cytokine 13-plex assay (Millipore).
Immune cell analysis
Mice were sacrificed 7 days after inoculation and perfused with PBS. The inoculated foot was disarticulated at the ankle without fracturing the bone. Cutaneous and subcutaneous tissue were everted but still attached to the distal foot and digits during digestion. Tissues were incubated for 2 hours at 37°C in digestion buffer [RPMI, type I collagenase (2.5 mg/ml) (Sigma), DNase I (10 mg/ml) (Sigma), 15 mM Hepes, 10% FBS]. Digested tissues were passed through a 70-mm cell strainer. The number of viable cells was quantified by trypan blue staining. Isolated cells were incubated with anti-mouse CD16/CD32 (Clone 93; BioLegend) for 10 min at 4°C and then surface-stained in PBS containing 5% FBS for 30 min at 4°C with the following antibodies:
anti-CD3e-FITC (fluorescein isothiocyanate) (eBioscience), anti-CD4-PE (phycoerythrin) (BD Biosciences), anti-CD8a-PerCP/Cy5.5 (BioLegend), anti-NK1.1-PE/Cy7 (BioLegend), anti-CD45-Brilliant Violet 605 (BioLegend), anti-Ly6C-Brilliant Violet 421 (BD Biosciences), anti-Ly6G-Alexa Fluor 700 (BioLegend), and anti-CD19-APC/Cy7 (BioLegend). Cells were washed and incubated at room temperature for 30 min in Foxp3 Fixation/Permeabilization buffer (eBioscience). The fixed cells were washed with Permeabilization buffer (eBioscience) and stained in Permeabilization buffer overnight at 4°C with anti-Foxp3-Alexa Fluor 647 (BioLegend). Cells were run on a LSR II (Becton Dickinson) flow cytometer and analyzed using BD FACSDiva and FlowJo software.
Statistical analysis
All data were analyzed with GraphPad Prism software. For viral burden analysis, cytokine measurements, and numbers of infiltrating leukocytes, data were analyzed by the Mann-Whitney test, ANOVA, or Kruskal-Wallis test with a Dunn's post hoc analysis. P < 0.05 indicated statistically significant differences.
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